An Ala189Val mutation of the human FSH receptor (FSHR) has been found to cause hypergonadotrophic ovarian failure with arrest of follicular maturation in women, and suppressed spermatogenesis in men. We have now characterized the molecular mechanisms of the receptor inactivation. Wild-type and mutant FSHR cDNAs were expressed in monkey kidney (COS-7) cells and murine granulosa tumour (KK-1) cells. Similar steady-state levels of FSHR mRNA were found in COS-7 and KK-1 cells transfected with both types of FSHR cDNA. Conspicuously, immunofluorescence and confocal microscopy studies revealed that whereas the wild-type receptor could be readily detected on the plasma membrane, most of the mutated protein was intracellularly sequestered. Ligand binding studies confirmed the greatly reduced cell surface expression of the mutant FSHR. A low level of mutated receptors were expressed at the cell surface, as shown by ligand binding and cAMP response. The capacity of these receptors to evoke another second messenger response, that of inositol trisphosphate (IP 3 ), was almost totally lost. This finding may be related to the clinical picture of the patients, i.e. blockade of follicular maturation. There is a highly conserved stretch of five amino acids (Ala-Phe-Asn-Gly-Thr) in the region of the mutation in all glycoprotein hormone receptors. We therefore created the same Ala to Val transition in the human LHR and studied its functional consequences. Similar functional alterations, i.e. intracellular sequestration and attenuated signal transduction, were found, as with mutated FSHR. Hence, this particular mutation in the conserved extracellular region of glycoprotein hormone receptors induces a conformational change that suppresses cell membrane targeting of the mutated receptor, probably through altered intracellular folding.
Introduction
We have previously identified an inactivating mutation in the human FSH receptor (FSHR) gene that causes hypergonadotrophic arrest of follicular maturation in women (Aittomäki et al., 1995) and oligozoospermia of variable degrees in men (Tapanainen et al., 1997) . The most conspicuous feature of the ovaries of patients with the FSHR mutation, in comparison with ovarian dysgenesis due to other causes, is the ample presence of follicles, usually in the primordial stage, but occasionally in more mature stages of development (Aittomäki et al., 1996) . The phenotype of women with the Ala189Val mutation is more severe than that of women expressing partially inactivating forms of FSHR (Beau et al., 1998; Touraine et al., 1999; Doherty et al., 2001) . Although it is possible that some of the FSHR function could be left in the Ala189Val mutation, this must be minimal in light of the similarity of the phenotype with inactivating FSHβ mutation in women and mouse models with disrupted FSHβ and FSHR genes (Themmen and Huhtaniemi, 2000) . Characterization of the inactivating FSHR mutations and corresponding animal models have changed the concept of FSH action. FSH no longer seems to be obligatory for male fertility, in contrast with female fertility where normal ovarian function is critically dependent on normal FSH action (Levallet et al., 1999; Themmen and Huhtaniemi, 2000) . In the present study we have identified the level(s) at which the receptor function is affected and we show that the highly conserved residue which is mutated in the FSHR is also critical for cell membrane targeting of the LHR.
Materials and methods

Expression plasmids and mutagenesis
Construction of the wild-type (wt) and mutant (mut) human (h)FSHR expression plasmids is described elsewhere (Aittomäki et al., 1995) . The full-length human LHR (hLHR) cDNA (a gift from Dr L.Dunkel, University of Helsinki, Finland) was inserted into the pSG5 expression vector (Stratagene, La Jolla, CA, USA). Mutagenesis of the LHR cDNA was carried out using the overlapping PCR method (Ausubel et al., 1994) . The sequences of the mutation primers were 5Ј-GTCATGTATTCAATGGGACG-3Ј and 5Ј-CCCATTGAATACA-TGACTTTGTA CTTCTTC-3Ј (the mutated residue is shown in bold). The resulting mutated human LHR cDNA fragment was subcloned into the pSG5 expression vector using restriction enzymes Eco47III and BsgI. The constructs were verified by automatic sequencing (Perkin Elmer Inc., Foster City, CA, USA).
Transfections
Monkey kidney (COS-7) and murine granulosa tumour (KK-1) (Kananen et al., 1995) cells were maintained in Dulbecco's modified Eagle's medium (DMEM)/F12 medium (1:1) (Gibco BRL, Life Technologies, Glasgow, UK) supplemented with 10% fetal calf serum (Bioclear, Berks, UK) and 0.1 g/l gentamicin (Biological Industries, Bet-HaEmek, Israel). The COS-7 cells were transfected using the calcium phosphate precipitation method, as described elsewhere (Zhang et al., 1997) . Briefly, cells were plated at a density of 0.5ϫ10 6 per 9 cm diameter plate 1 day before transfection. A total of 20 µg of the expression plasmid (wt or mut) was used for transfection together with 3 µg of the β-galactosidase expression plasmid, and the precipitates were left on cells overnight without glycerol shock. The cells were harvested and used for analyses 2-3 days after transfection. Transfection efficiencies in the transient transfections were monitored by β-galactosidase expression, and the average coefficient of variation was 12%.
The KK-1 cells were stably transfected using the lipofection method (Paukku et al., 1997) . A total of 6 µg of the expression plasmid (wt or mut) was co-transfected together with 0.6 µg of the neomycin resistance plasmid pPGKneobpA (Southern and Berg, 1982) in 9 cm diameter plates. Three days after transfection, the cells were split into selection medium containing 600 mg/l G-418 sulphate (Promega, Madison, WI, USA). After 3 weeks of selection, resistant colonies were picked, expanded and screened for FSHR mRNA expression. The stably transfected KK-1 cells were subsequently cultured in the presence of 400 mg/l G-418.
Isolation of RNA and Northern analysis RNA was extracted using the single-step method (Chomzynski and Sacchi, 1987) , and 30 µg of total RNA was size-fractioned in 1.2% agarose gel, transferred to a nylon membrane (Hybond-N; Amersham Pharmacia Biotech, International Plc, UK) and subjected to hybridization. The [ 32 P]-labelled cRNA probe was synthesized using the Riboprobe synthesis II kit (Promega), [α-32 P]-UTP (specific activitỹ 30 TBq/mmol; Amersham) and pGEM-4Z containing a HindIII fragment (bases 169-778) of the human FSHR cDNA as template. Prehybridization, hybridization and washings were carried out under stringent conditions, as described earlier (Rannikko et al., 1995) . The filters were exposed to X-ray film (Kodak XAR-5; Eastman Kodak Co., Rochester, NY, USA) at room temperature overnight. Densitometric values of hybridization signal were normalized by the amount of 28S ribosomal RNA transferred per lane, as estimated by ethidium bromide staining. Clones with similar levels of expression were chosen for further studies (w1 and m1).
Immunofluorescence and confocal microscopy
The indirect immunofluorescence study was performed as previously described (Touraine et al., 1999) using the FSHR323 monoclonal antibody (Vannier et al., 1996) which recognizes an epitope localized in the extracellular domain (amino acids 172-358) of the FSHR. The size of the main receptor species found in the human ovary by the antibody is 87 kDa, and that of a minor species is 81 kDa. Detailed 312 characterization of the antibody can be found elsewhere (Vannier et al., 1996) .
Briefly, COS-7 cells transfected with wt or the Ala189Val-mutated FSHR were used in the intact state, or permeabilized with saponin before being incubated with the antibody. A cy3-labelled rabbit antimouse immunoglobulin G was used as the secondary antibody. The labelling was then analysed using a Zeiss microscope (Axiovert 135M) in conjunction with a confocal LSM 410 laser scanning unit (Carl Zeiss, Thornwood, NY, USA).
[ (Karonen et al., 1975) , to specific activities of 3800 and 35 000 cpm/ng respectively, as determined according to Catt et al. (Catt et al., 1976) . The cells were first washed twice with cold phosphate-buffered saline (PBS) and scraped off into Dulbecco's PBS (D-PBS) containing 0.1% bovine serum albumin (BSA; Sigma, St. Louis, MD, USA). Harvested cells were pelleted by centrifugation at 250 g. The pelleted cells were washed twice and reconstituted in D-PBS/BSA, and 100 µl aliquots of the cells were incubated overnight at room temperature in the presence of 100 000 cpm of [ 125 I]iodo-HCG or [ 125 I]iodo-rhFSH in the presence or absence of 50 IU of unlabelled HCG (Pregnyl; Organon, The Netherlands) or 1.5 IU of rhFSH (Org 32489) respectively, in a total volume of 250 µl. After incubation, the cells were washed with 4 ml of ice-cold D-PBS, centrifuged at 1500 g for 10 min, and the radioactivity in the cell pellets was counted in a γ-spectrometer. For Scatchard analysis, aliquots of intact cells were incubated at room temperature with increasing concentrations of [ 125 I]iodo-HCG or [ 125 I]iodo-rhFSH (up to 500 000 cpm/tube) as described above, and the binding data were converted to Scatchard plots.
cAMP, inositol trisphosphate (IP 3 ) and progesterone assays
For cAMP measurements, the cells were plated at a density of 50 000 per well (24-well plates), 24 h before stimulations. The cells were stimulated for 3 h in a medium containing 0.2 mmol/l 3-isobutyl-1-methylxantine (MIX; Aldrich-Chemie, Steinheim, Germany) with increasing concentrations of rhFSH (Organon, 0-1000 IU/l) or HCG (CR-127, 0-400 µg/l). All stimulations were performed in quadruplicate. At the end of the incubation, the media were collected for measurement of extracellular cAMP using a standard radioimmunoassay method (Harper and Brooker, 1975) .
For IP 3 measurements, the cells were cultured in 6-well plates at a concentration of 5ϫ10 5 cells per well in inositol-free DMEM/F12. After 24 h incubation, the cells were washed twice with HEPES-3 buffer (10 mmol/l HEPES, 58 mmol/l NaCl, 0.3 mmol/l NaH 2 PO 4 , 3.4 mmol/l sodium acetate, 5 mmol/l KCl, 0.6 mmol/l MgSO 4 , 1.5 mmol/l CaCl 2 , 2 mmol/l D-glucose and 0.1% fatty-acid-free BSA, pH 7.2) and stimulated with increasing concentrations of rhFSH (0-5000 IU/l) or HCG (0-5000 µg/l) for 20 min in the presence of LiCl. Accumulation of IP 3 was terminated, and the substance extracted, by keeping the cells on ice with 10% ice-cold perchloric acid, followed immediately by neutralization with 1.5 mol/l KOH in 60 mmol/l HEPES, pH 7.2. Production of IP 3 was determined by the Inositol-1,4,5-Triphosphate [ 3 H]-Radioreceptor Assay Kit (NEN ® Research Products Du Pont de Nemours & Co., Boston, MA, USA) according to the manufacturer's instructions. The sensitivity of the system was found to be~1 pmol per assay tube.
For progesterone measurements, the cells were incubated for 48 h with FSH (0-1000 IU/l) and the progesterone concentration was Some clones (both w and m) showed no or lower expression of FSHR mRNA, and were discarded from further analysis. Clones with similar level of expression were chosen for further studies. measured using radioimmunoassay, as described previously (Vuorento et al., 1989) .
Each experiment presented was repeated at least twice with similar results.
Results
Northern hybridization
The FSHR mRNA levels were measured in stably transfected KK-1 cells in order to rule out defective transcription or decreased mRNA stability of the mutated gene as a cause of the decreased receptor levels. Northern analysis revealed specific hybridization to an mRNA species of~2.5 kb in size (Figure 1 ). The clones that showed similar hybridization signals were chosen for further analysis. Hence, the similar steadystate levels of the wt and mut FSHR mRNAs provide evidence that the C566T point mutation does not markedly affect either transcription or mRNA stability of the FSHR gene. This finding was corroborated by similar data on transiently transfected COS-7 cells (result not shown).
Immunofluorescence and confocal microscopy
Cell surface expression of the wt and mut receptors was analysed on COS-7 cells transiently transfected with cDNA of either receptor type. For this purpose, intact or permeabilized cells were incubated with FSHR323 monoclonal antibody, which recognizes the extracellular domain of the receptor (see Materials and methods). Confocal microscopic analysis of permeabilized cells (Figure 2a,c) showed a strong intracellular staining for both types of receptors. However, when the cells were not permeabilized (Figure 2b,d ), cell surface labelling was only observed in cells expressing the wt receptor. This finding indicates defective cell surface targeting of the Ala189-Val FSHR mutant. The similar levels of staining with both receptor forms provide further evidence that synthesis or stability of receptor protein is not compromised by the mutation.
Ligand binding experiments
We attempted to ascertain if similar amounts of the FSHR proteins, as observed by immunofluorescence, result in similar amounts of functional wt and mut hFSHR proteins, i.e. receptor molecules capable of ligand binding and signal transduction. In the original paper describing the FSHR mutation (Aittomäki et al., 1995) , we observed dramatically decreased ligand binding of the mutated receptor. Scatchard analysis was performed to determine the affinities and number of binding sites of FSHR in stably transfected KK-1 cells. While the equilibrium dissociation constant (K d ) of the mutated receptor remained unaltered (wt hFSHR 780 pmol/l; mut hFSHR 820 pmol/l), the amount of mutated receptors detected at the cell surface was only 18 Ϯ 4.8% of that detected in cells transfected with wt hFSHR cDNA ( Figure 3A) . B max was~37 000 receptors per cell for wt FSHR and~8000 receptors per cell for mut FSHR. Similar results were obtained using different stably transfected KK-1 clones (results not shown), thus suggesting that the changes observed were due to the mutation, and not to clonal variation.
The five amino acid sequence around the mutated Ala 189 is identical in human FSH, LH and TSH receptors ( 189 Ala-PheAsn-Gly-Thr 193 in FSHR) (Libert et al., 1989; Loosfelt et al., 1989) . We therefore used targeted mutagenesis to create the same mutation (C566T transition in the FSHR gene) in the human LHR gene. Both wt and mut LHR expression plasmids were transiently expressed in COS-7 cells and studied for ligand binding properties of the recombinant LHR proteins. Scatchard analysis revealed the same phenomenon as with human FSHR, i.e. while the mutation did not change the affinity of the LHR (K d for the wt hLHR ϭ 300 pmol/l, for the mut hLHR ϭ 310 pmol/l), it dramatically decreased the receptor number on the cell surface to only 4.5 Ϯ 1.9% of that in cells transfected with the wt LHR ( Figure 3B) . B max was~27 000 receptors per cell for wt LHR and~1000 receptors per cell for mut LHR. From this result, we can conclude that this region of the LHR is also critical in determining behaviour of the receptor protein, probably through a specific conformational structure.
Stimulation experiments
An important question is whether the mutation totally abolishes the ligand-induced signal transduction and downstream cellular responses, thus making the gonad totally resistant to FSH, even to very high doses. We therefore measured the cAMP, IP 3 and steroidogenic responses to ligand stimulation with both gonadotrophin receptors and their homologous mutants in KK-1 cells. The results showed that while FSH stimulation led to~27-fold stimulation of cAMP accumulation in cells transfected with wt hFSHR, only~8-fold stimulation was observed in cells expressing mut hFSHR ( Figure 4A ). The EC 50 value was 20 IU/l for wt FSHR and 40 IU/l for mut FSHR.
IP 3 production in response to FSH showed a more dramatic difference between the two receptor forms. While a 6-fold stimulation of IP 3 was observed in cells transfected with wt FSHR, only~1.5-fold stimulation of IP 3 accumulation was observed in those transfected with mut hFSHR ( Figure 4B ). The EC 50 value was 70 IU/l for wt FSHR and 500 IU/l for mut FSHR. As a downstream event in FSH action, progesterone production was measured. The result concurs with the cAMP responses, showing~23-fold stimulation of progesterone pro-314 duction in the wt hFSHR transfected cells, but only~7-fold stimulation in cells expressing mut hFSHR ( Figure 4C ). The EC 50 value for wt FSHR was 10 IU/l and for mut FSHR, 20 IU/l.
We also studied whether the same mutation would be inhibitory to LHR signal transduction. Maximal cAMP stimulation in transiently transfected COS cells with wt LHR was 11-fold, and 3-fold in cells expressing mut hLHR ( Figure  5A ), with EC 50 values of 10 and 60 µg/l respectively. Stimulation with HCG led to~5.5-and~1.5-fold stimulation of IP 3 accumulation in the wt and mut hLHR transfected cells respectively ( Figure 5B ). The EC 50 value of this response for wt LHR was 50 µg/l, and 500 µg/l for mut LHR.
Discussion
With respect to the inactivating Ala189Val hFSHR mutation (Aittomäki et al., 1995) , Aittomäki et al. performed a detailed study on clinical features of the hypergonadotrophic ovarian failure caused either by the inactivating FSHR mutation (termed FSH resistant ovary; FSHRO) or some other cause (termed ovarian dysgenesis) (Aittomäki et al., 1996) . Since follicles arrested at early stages of maturation were only found in the FSHRO patients, it was suggested that some residual activity for the mutated FSHR may remain. Resolving this question is important, since treatment of infertility of the FSHRO patients could be possible by ovarian stimulation with massive doses of FSH. In fact, this is the case with another FSHR mutation recently described. Beau et al. found a patient compound heterozygous for two FSHR mutations: Ile160Thr with 10% residual activity (as measured by cAMP stimulation in transfected COS-7 cells) and Arg573Cys with 24% residual activity (Beau et al., 1998) . Their patient presented with primary amenorrhoea, high FSH and follicles up to 5 mm in size. When she was treated with exogenous FSH, follicle growth and estradiol production could be enhanced, although not to normal levels.
Our results show that some function of the Ala189Val FSHR mutant may remain in vitro, when the mutated receptor is transfected into COS-7 or KK-1 cells. cAMP and progesterone production could be stimulated by FSH in cells expressing the mutant hFSHR. Taking into account the reduced receptor number on cells expressing the mutated receptor, the amount of cAMP produced per receptor on the cell surface was roughly unaltered. Production of the other second messenger, IP 3 , was more severely blunted, being barely detectable. In our stimulation studies, the concentration of FSH observed in the FSHRO patients (60 IU/l) (Aittomäki et al., 1996) would cause Ͼ5-fold stimulation in cAMP production, but have no effect on IP 3 production. In healthy women, the serum FSH concentration ranges between 1-10 IU/l, which would cause~2-to 10-fold stimulation of cAMP and progesterone in cells transfected with wt FSHR, and up to 3-fold stimulation of IP 3 production. Therefore, the major effect of the FSHR mutation in FSHRO patients may lie in the lack of the FSH-stimulated IP 3 response.
315
The loss of the IP 3 response in KK-1 cells expressing mut FSHR, in the face of a partially conserved cAMP response, provides an example that mutations of gonadotrophin receptors may affect the second messenger systems to different extents. With respect to LHR, a recent finding on an activating somatic mutation in Leydig cell tumours showed activation of both the cAMP and IP 3 pathways (Liu et al., 1999) , whereas in malelimited gonadotrophin-independent precocious puberty, the usual phenotype with activating LHR mutations, only the cAMP pathway is activated (Shenker et al., 1993) .
The above conclusions assume that the mutated receptor is expressed in the granulosa cells of the FSHR patients at the same level as in transfected cells, which may not be true. Since ovarian biopsy material for receptor measurements is not available from the patients, this question remains open. It is likely that the ovarian expression of the mutated receptor in vivo is even lower, since the endogenous FSHR promoter is much weaker than the powerful viral promoter used in the expression constructs of transfection studies (Sprengel et al., 1990; Minegishi et al., 1991; Huhtaniemi et al., 1992 ; Kelton et al., 1992; Levallet et al., 2000) . The residual FSHR protein in the gonads of patients may therefore be much lower than that demonstrated by the present cell transfections, and the actual receptor inactivation may therefore be more complete. In accordance, our preliminary findings on FSHRO patients with the Ala189Val mutation show no response to massive doses of FSH (300-900 IU/day for 10 days; T.Vaskivuo, K.Aittomäki, I.Huhtaniemi and J.Tapanainen, unpublished observation). Moreover, the residual FSHR activity in these patients must be very low since their clinical picture is identical to that of animal models totally devoid of FSH action (Halpin et al., 1986; Ojeda and Urbanski, 1994; Kendall et al., 1995; Kumar et al., 1997; Dierich et al., 1998; Abel et al., 2000) , and with three women reported to have inactivating mutations in the FSHβ gene (Matthews et al., 1993; Layman et al., 1997; Matthews and Chatterjee, 1997) . Furthermore, the clinical picture of men homozygous for the inactivating FSHR mutation is identical to that of FSHβ knock-out mice, i.e. reduced testis size and variable reduction of spermatogenesis and fertility (Tapanainen et al., 1997) . By contrast, in partial loss of function mutations of the FSHR, follicular maturation can proceed up to the small antral stages (Beau et al., 1998; Touraine et al., 1999) .
The FSHR mutation studied here is in the amino terminal extracellular domain of the receptor, in an area with high homology between the three glycoprotein hormone receptors, as well as between the gonadotrophin receptors of different species (Loosfelt et al., 1989; Sprengel et al., 1990; Minegishi et al., 1991; Kelton et al., 1992; Yarney et al., 1993; Layman et al., 1997; Matthews and Chatterjee, 1997) , thus allowing us to study the effect of the same mutation on the human LHR. Ligand binding studies showed that this mutation affects both gonadotrophin receptors in a similar fashion. It did not change the affinity of the human LHR for the ligand, but dramatically reduced its cell surface expression, as observed for FSHR. In-vitro stimulation tests showed that the mutation reduced HCG-induced cAMP and IP 3 production, as was also observed for FSHR. RNA analysis of transiently and stably transfected cells with wt and mutant hFSHR constructs revealed that the mutation did not change the steady-state mRNA levels. Moreover, similar levels of immunoreactive FSHR protein were detected in immunofluorescence studies, suggesting that translation and/or degradation are not significantly affected by the mutation.
In conclusion, we have analysed further the signal transduction properties of the mut human FSHR causing FSHRO syndrome in women. Our results suggest that, whereas some residual activity for the mutated receptor may remain with the two signal transducers studied, cAMP and IP 3 , the latter seems to be more affected. We also extended our studies to the closely related human LHR and conclude that the alanine in the highly conserved five-amino acid stretch (Ala-Phe-AsnGly-Thr), encompassing the site of the Ala189Val FSHR mutation, may not be important for direct receptor-ligand interaction. However, it appears to be crucial for proper folding and trafficking of the receptor, and for proper signal transduction.
